Vaccination to protect against human infectious diseases may be enhanced by using adjuvants that can selectively stimulate immunoregulatory responses. In a murine model, a novel nanoparticulate adjuvant composed of calcium phosphate (CAP) was compared with the commonly used aluminum (alum) adjuvants for its ability to induce immunity to herpes simplex virus type 2 (HSV-2) and Epstein-Barr virus (EBV) infections. Results indicated that CAP was more potent as an adjuvant than alum, elicited little or no inflammation at the site of administration, induced high titers of immunoglobulin G2a (IgG2a) antibody and neutralizing antibody, and facilitated a high percentage of protection against HSV-2 infection. Additional benefits of CAP include (i) an insignificant IgE response, which is an important advantage over injection of alum compounds, and (ii) the fact that CAP is a natural constituent of the human body. Thus, CAP is very well tolerated and absorbed. These studies were performed with animal models. By virtue of the potency of this CAP adjuvant and the relative absence of side effects, we believe that this new CAP formulation has great potential for use as an adjuvant in humans.
Vaccination to protect against human infectious diseases may be enhanced by using adjuvants that can selectively stimulate immunoregulatory responses. In a murine model, a novel nanoparticulate adjuvant composed of calcium phosphate (CAP) was compared with the commonly used aluminum (alum) adjuvants for its ability to induce immunity to herpes simplex virus type 2 (HSV-2) and Epstein-Barr virus (EBV) infections. Results indicated that CAP was more potent as an adjuvant than alum, elicited little or no inflammation at the site of administration, induced high titers of immunoglobulin G2a (IgG2a) antibody and neutralizing antibody, and facilitated a high percentage of protection against HSV-2 infection. Additional benefits of CAP include (i) an insignificant IgE response, which is an important advantage over injection of alum compounds, and (ii) the fact that CAP is a natural constituent of the human body. Thus, CAP is very well tolerated and absorbed. These studies were performed with animal models. By virtue of the potency of this CAP adjuvant and the relative absence of side effects, we believe that this new CAP formulation has great potential for use as an adjuvant in humans.
Historically, adjuvants have been necessary to improve vaccine efficacy in order to afford protection against infections. A key reason for this is that both attenuated virus preparations and, particularly, recombinant proteins are often poorly antigenic. In the past decade, several adjuvants have been evaluated in clinical trials. Calcium phosphate (CAP), MF59, aluminum (alum) compounds, and virosomes have been approved for human use in several European countries (23) . In the United States, alum compounds are the most extensively used adjuvants in licensed vaccines for humans. Although they effectively enhance immune responses, there are several disadvantages associated with their use (3, 5, 14) . The disadvantages of alum-based adjuvants include the severity of local tissue irritation, the longer duration of the inflammatory reaction at the injection site, strong Th2 responses, minimal induction of cell-mediated immunity, and a propensity to elicit undesirable immunoglobulin E (IgE) responses (11, 12, 17, 27) . Alum compounds have also been shown to increase the levels of potential undesirable homocytotropic antibodies in animal species (9, 21) . Furthermore, alum-based vaccines are frequently ineffective for the induction of antiviral immunity (4). For these reasons, new adjuvants are being developed to enhance the immunity against weak antigens. New-generation adjuvants are designed to induce minimal side effects, enhance the duration of the immune response, and concurrently stimulate humoral, cellular, and mucosal immune responses. Furthermore, an ideal adjuvant would be biodegradable, economical, and simple to manufacture. In addition, it would have the potential to selectively trigger a defined class of immune response such as the T-helper 1 (Th1) CD4 ϩ T-cell response and cell-mediated immunity and have equal applicability for any new-generation antigens.
In Europe, CAP has been used as an adjuvant for immunity against diphtheria and tetanus antigens and for allergen desensitization (22) . Goto et al. (9) reported that local tissue reactions caused by injection of a CAP gel and suspension completely ceased by the 4th week, while irritation caused by an aluminum hydroxide gel and suspension persisted for 8 weeks. The CAP gel or suspension adjuvants tested did not induce anti-ovalbumin and anti-tetanus toxoid antibodies. They concluded that CAP might not be a good alternative to alum adjuvants. However, they did acknowledge that CAP caused less local tissue irritation.
Here, we describe a unique method of synthesis and the desirable adjuvant properties of a new type of CAP adjuvant. We synthesized CAP nanoparticles with raw materials different from those described by European scientists (20) . The results were that the new CAP formulation had different physical and chemical characteristics and adjuvant activities. On the basis of the results of our studies, we report that this CAP formulation provides several outstanding immunological properties, such as the ability to entrap and bind antigens in the CAP adjuvant as well as mediate desirable immune response profiles.
MATERIALS AND METHODS
Preclinical toxicity study of CAP. The components of a formulation of 12.5 mM calcium chloride, 12.5 mM dibasic sodium phosphate, and 15.6 mM sodium citrate were mixed together and stirred for 48 h. After a 30-min sonication period, particle size was determined with a Coulter N4Plus submicron particle sizer, and the pH of the mixture was monitored with a pH meter (Fisher, Pittsburgh, Pa.). A preclinical acute toxicity study was performed by IITRI Research Institute (Chicago, Ill.) and was conducted in accordance with the U.S. Food and Drug Administration (26) . In brief, CAP was administered by oral gavage, by the intramuscular and subcutaneous routes, and by inhalation exposure to four separate groups (each containing five male and five female animals) of adult CRL:(HA) BR Hartley albino guinea pigs (Charles River Laboratories, Wilmington, Mass.) in a single total dose of 1.2 mg/kg of body weight. A fifth group served as an untreated control group for all routes of administration. The guinea pigs were observed daily for mortality or moribundity and adverse clinical signs. Following the 14-day observation period, terminal necropsy was conducted for pathology end point assessment. Tissue biopsy specimens were tested for particle site-specific inflammatory responses. Hematology parameters measured included white blood cell count, erythrocyte count, erythrocyte morphology, and hematocrit. In addition, five more animals from the inhalation and untreated groups underwent bronchoalveolar lavage (BAL) assessment. The PAI pathology computer system (LABCAT) that has a built-in weighing system for calculating the average severity for each tissue assessed was used. Data were analyzed for statistical significance by a one-way analysis of variance (ANOVA), followed by Dunnett's test, using Syatat (version 5.0; SPSS, Inc., Chicago, Ill.). Hematology data were analyzed by ANOVA, followed by Dunnett's test, using LABCAT (version 4.41a; IPA, Princeton, N.J.). A P value of Ͻ0.05 was considered significant in all comparisons.
Cells and viruses. Herpes simplex virus type 2 (HSV-2) and Epstein-Barr virus (EBV) were propagated in Vero and NC37 cells, respectively, all of which were obtained from the American Type Culture Collection. The cells were grown in accordance with American Type Culture Collection recommendations with one modification: the NC37 cells were incubated at 37°C with 10% CO 2 .
Preparation of viral glycoproteins. Viral protein was purified from HSV-2 and EBV by the procedure described by Westra et al. (28) with some modifications. Briefly, infected cells were collected and washed with Hanks' balanced salt solution twice at 4°C. After 15 min of sonication (in 5-min intervals), the viral suspension was centrifuged at 5,500 ϫ g for 15 min. The supernatant was collected and treated with 1% IGEPAL (Sigma Chemical Co., St. Louis, Mo.) lysis buffer I for 30 min on ice. The solution was centrifuged at 18,500 ϫ g for 2 h. The supernatant was collected and treated with 1% IGEPAL lysis buffer II (which was the same formulation as lysis buffer I but with the addition of 2 mM phenylmethylsulfonyl fluoride) for 30 min on ice. After centrifugation the supernatant was dialyzed against phosphate-buffered saline (PBS) at 4°C and was stored at Ϫ80°C.
Formulation of subunit vaccine. HSV-2 or EBV protein was added to 12.5 mM calcium chloride, followed by the addition of 12.5 mM dibasic sodium phosphate and 15.6 mM sodium citrate. The solution was stirred until the final particle size was less than 1,000 nm, as determined with a Coulter N4Plus submicron particle sizer. The particle-entrapped HSV-2 or EBV protein was treated with cellobiose overnight (13) and was coated again with HSV-2 or EBV protein. After the unbound protein was washed off with PBS, the particle-protein complex was solubilized with 100 mM EDTA. The concentrations of proteins inside and outside the particles were determined with a Bio-Rad (Hercules, Calif.) protein assay kit.
The alum-based vaccine was prepared by mixing the same quantity of HSV-2 or EBV protein with aluminum hydroxide (the concentration of alum was the same as the concentration of CAP). Thus, the control vaccines were CAP, HSV-2, EBV, and PBS.
Animals. Female BALB/c mice (age, 6 to 8 weeks; weight, 20 to 25 g) were obtained from Charles River Laboratories. The mice were maintained in standard housing with a normal diet of Purina rodent chow 5001. Each group (i.e., the HSV-2-infected group and the EBV-infected group) consisted of 18 randomly selected mice.
Immunization and sample collection. Seven groups of six mice each were inoculated intraperitoneally with one of the following vaccine formulations: HSV-2 proteins alone (60 g/dose/mouse), HSV-2 with alum (60 g of protein plus 100 g of alum/dose/mouse), HSV-2 with CAP (60 g of protein plus 100 g of CAP/dose/mouse), EBV alone (62.2 g/dose/mouse), EBV with alum (62.2 g of protein plus 100 g of alum/dose/mouse), EBV with CAP (62.2 g of protein plus 100 g of CAP/dose/mouse), and CAP alone (100 g/dose/mouse). An eighth group of mice was immunized with PBS. Mice received three injections at 2-week intervals.
Initial blood samples were collected from mice under metofane anesthesia via the orbital sinus at the end of the 2nd week after primary immunization. Serum was separated by centrifugation and was stored at Ϫ20°C. The level of antibodies was monitored every 2 weeks.
Mucosal samples were collected by vaginal lavage with 100 l of PBS at weeks 6 and 14 after the first immunization. The vaginal lavage sediments were subsequently removed by centrifugation, and 20-l volumes of each individual sample were pooled and stored Ϫ20°C.
ELISA. Serum and vaginal samples were analyzed for HSV-2-and EBVspecific IgG, IgG2a, IgA, and IgE antibodies by standard enzyme-linked immunosorbent assay (ELISA). In brief, microtiter plates (Corning, Cambridge, Mass.) were coated with HSV-2 or EBV proteins (6 g/ml) overnight at 4°C and were blocked with PBS containing 0.05% Tween 20 and 0.1% normal goat serum. Serially diluted sera were incubated with antigens at room temperature.
After the plates were washed they were incubated with horseradish peroxidaseconjugated goat anti-mouse IgG (Chemicon, Temecula, Calif.) and IgG2a, IgA, and IgE (Fisher Scientific Co., Pittsburgh, Pa.) and developed with o-phenylenediamine dihydrochloride (Sigma Chemical Co.) containing H 2 O 2 . Optical densities were read at 490 nm with a Benchmark microplate reader (Bio-Rad). Four negative controls (without antigen, without first antibody, without second antibody, and without both antigen and antibody) were set for each plate.
Neutralization assay. Vero cells were propagated in eight-well culture plates (Becton Dickinson, Franklin Lakes, N.J.). Pooled sera taken from each group of six mice were treated at 56°C for 30 min to inactivate complement. Serially diluted sera were incubated with HSV-2 adjusted to give 100 plaques per well in the absence of neutralizing antibody for 1 h at 37°C. Cells were inoculated with the mixture of virus and serum for 24 h. The HSV-2-specific neutralizing antibody titer was determined by plaque assay.
HSV-2 challenge experiment. To synchronize the estrous cycle at the progesterone-dominated stage, the mice were injected subcutaneously with medroxyprogesterone (DepoProvera; Upjohn, Kalamazoo, Mich.) at a concentration of 2 mg/mouse in 50 l of distilled water. Five days following medroxyprogesterone administration, the animals were challenged intravaginally with 10 3 PFU of HSV-2 (week 15 after primary immunization) as described previously (15) . The mice were examined daily for genital pathology. The pathology elicited following intravaginal challenge with HSV-2 was scored as described elsewhere (6) .
Statistical analysis. Pathologic data were analyzed by ANOVA to determine the difference between groups. ELISA data were analyzed by Student's t test. Table 1 summarizes the inflammatory results seen at the site of delivery in five groups of guinea pigs treated with CAP in a preclinical acute toxicity study. Table 2 shows the results of assessment of BAL specimens from additional animals from the five untreated groups and the inhalation treatment group. No guinea pigs died, and no treatment-related signs of toxicity were observed during the study. There were no statistically significant differences in the hematology parameters for any of the treatment groups compared to those for the untreated control group (data not shown). Upon assessment of BAL specimens, the percent cell viability and the mean lactate dehydrogenase (protein) concentration were statistically significant different between the inhalation and control groups. As expected, histopathological examination indicated that intramuscular and subcutaneous administration of CAP resulted in a minimal to mild inflammatory response localized at the injection sites only. The results presented in Fig. 1 and 2 indicate the level of IgG, IgG2a, IgE, and IgA antibodies in mice immunized with different HSV-2 vaccine formulations at weeks 6 and 14 after primary immunization. Mice injected with HSV-2 plus CAP demonstrated an increase in IgG and IgG2a antibody levels beginning at week 6 after primary immunization, with these increases continuing through the week 14. The other groups of mice failed to develop antibody responses during this same time period. Surprisingly, we saw a higher IgA antibody response in vaginal washes from mice immunized with HSV-2 plus CAP but not in any other group of mice, although this difference was not statistically significant. In contrast, mice vaccinated with HSV-2 plus alum showed a higher level of IgE antibody at week 6 after the primary immunizations and maintained this high level for 14 weeks. Figure 3 shows the anti-EBV IgG and IgG2a antibody titers in mice immunized with PBS, CAP, EBV alone, and EBV containing CAP or alum, respectively, at weeks 6 and 12 after primary immunization. All groups of vaccinated mice elicited higher IgG titers relative to those elicited by mice treated with CAP alone and PBS alone. Only in the group treated with CAP plus EBV was a high level of IgG2a detected. IgG2a levels remained elevated throughout the study period. None of the preparations caused a significant elevation in IgE levels.
RESULTS
A neutralization assay was performed at week 12 after primary immunization with the group of mice vaccinated with different HSV-2 vaccine formulations (Table 3) . Both the group treated with HSV plus CAP and the group treated with HSV plus alum had the same neutralizing antibody titer. No detectable antibody titer was observed in mice treated with CAP alone and HSV-2 alone.
Experimental mice were challenged at week 15 after the first immunization with a low dose (10 3 PFU) of HSV-2. Table 3 illustrates the pathologic severity in vaccinated mice on days 14, 16, and 20 after virus infection. While the mean scores were higher in all categories of animals that received CAP alone and HSV-2 alone compared with those in animals treated with HSV-2 plus CAP and HSV-2 plus alum, these differences were not statistically significant on day 14. By days 16 and 20, both FIG. 1. Anti-HSV-2 IgG and IgG2a antibody levels at 6 and 14 weeks after the initial immunization among different immunized groups of mice. The antigen concentration and the antibody dilution used in the IgG ELISA were 6 g/ml and 1:800, respectively. The antigen concentration and the antibody dilution used in the IgG2a ELISA were 12 g/ml and 1:400, respectively. ᮀ, control; p, CAP; z, HSV-2; d, HSV-2 plus alum; s, HSV-2 plus CAP. ‫,ء‬ P Ͻ 0.05 (HSV-2 plus CAP versus HSV-2 plus alum, HSV-2, and CAP).
FIG. 2. Anti-HSV-2 IgE and
IgA antibody titers for mice immunized with HSV-2 alone, CAP alone, and HSV-2 containing CAP or alum at 6 and 14 weeks after the initial vaccination. The antigen concentration and the antibody dilution used in the IgE ELISA were 6 g/ml and 1:800, respectively. The antigen concentration used in the IgA ELISA was 100 g/ml. ᮀ, control; p, CAP; z, HSV-2; d, HSV-2 plus alum; s, HSV-2 plus CAP. ‫,ء‬ P Ͻ 0.05 (HSV-2 plus alum versus HSV-2 plus CAP, HSV-2, CAP, and control).
groups of mice treated with CAP alone and HSV alone still exhibited significantly severe clinical symptoms; only two of six mice survived in both groups. In contrast, the groups treated with HSV plus CAP and HSV plus alum showed only mild pathologic signs. None of these mice died from HSV-2 infection. By day 20, the differences between the mice vaccinated with adjuvant and those vaccinated without adjuvant were statistically significant.
DISCUSSION
Many adjuvants have routinely been used for research and in veterinary vaccines. However, toxicity and physicochemical properties that affect manufacturability have limited their use in vaccines designed for humans. We have developed a novel formulation of CAP nanoparticles specifically for use as the adjuvant-active components in subunit vaccine formulations. CAP adjuvant is easy to manufacture on an industrial scale and shows less variation in quality and physicochemical properties between batches than alum, which changes significantly with slight alterations in production conditions (5, 7, 14) . We have analyzed CAP at 4°C, room temperature, 37°C, and 50°C for a 6-month period and observed no significant changes in pH, size, or surface morphology (data not shown). Earlier studies have reported that CAP adjuvant, in comparison with alum adjuvant, induced a lower level of IgE, decreased the level of local irritation in experiments with animals, and caused fewer variations in human clinical trials (5, 11, 18, 20) . Our preclinical toxicity and animal studies confirmed that only minor inflammation occurred at the injection sites in guinea pigs during the first 2 weeks and that CAP did not elicit IgE responses.
From an immunological viewpoint, the most important consideration is whether CAP nanoparticles enhance the immune response to viral antigens and the level of protection against viral infection. Data from this study strongly suggest that CAP nanoparticles significantly enhance the antibody response to HSV-2 antigen, which is normally poorly immunogenic. In this study, we also compared the level of protection against an intravaginal HSV-2 infection after immunization with different HSV-2 vaccine formulations. A total of 40% of nonimmunized mice survived a low-dose (10 3 -PFU) challenge. In contrast, 100% protection was observed in the group of mice immunized with HSV-2 proteins containing adjuvants. The group of mice treated with HSV-2 plus CAP or HSV-2 plus alum showed comparable neutralizing antibody titers that may have protected the animals from low-dose infection.
Particularly high IgG2a titers were observed in the mice immunized with HSV-2 and EBV proteins containing CAP adjuvant but not in mice immunized with HSV-2 and EBV proteins with alum adjuvant or without adjuvants. In the 1980s several groups reported that IgG2a was the major antibody isotype conferring protection against viral infection and the most effective isotype for the induction of macrophage immunity in mice (1, 2, 8, 10, 19) . Further studies confirmed that gamma interferon, which is induced by the type 1 CD4 ϩ Th1 response, stimulated the expression of IgG2a and inhibited the production of IgE. Thus, the production of the IgG2a antibody isotype is widely recognized as characteristic of a Th1 CD4 ϩ T-cell response (16, 24, 25) . It is also generally accepted that Th1 T-cell responses enhance protective cytotoxic T-lymphocyte responses, thus playing a crucial role in immunity against intracellular viral pathogens like HSV-2. Our data demonstrated that mice immunized with HSV-2 plus CAP had a higher level of IgG2a and could withstand a challenge with live HSV-2. On the basis of these observations it is reasonable to infer that our CAP-based vaccine formulation elicits a strong and effective Th1 response.
Like alum adjuvants, the mechanism behind CAP has not been defined. CAP is believed to act similarly to alum by releasing the antigen slowly over an extended period of time. FIG. 3 . Representative anti-EBV IgG and IgG2a antibody titers from mice immunized with EBV alone, CAP alone, EBV and CAP, and EBV and alum at 6 and 12 weeks after the initial immunization. The antigen concentration was 6 g/ml, and the antibody titer was 1:800. ᮀ, control; p, CAP; z, EBV; d, EBV plus alum; s, EBV plus CAP. ‫,ء‬ P Ͻ 0.05 (EBV plus CAP versus EBV plus alum, EBV, CAP, and control). The assay performed at 12 weeks after initial immunization. b HSV-2 low-dose challenge was performed at 15 weeks after the initial vaccination. Clinical severity was monitored daily after HSV-2 challenge. Pathology was scored on a five-point scale: 0, no apparent infection; 1, slight redness of external vagina; 2, severe redness and swelling of external vagina; 3, genital ulceration with severe redness, swelling, and loss of hair in genital and surrounding tissue region; 4, severe ulceration of genital and surrounding tissue region and paralysis; 5, death.
c P Ͻ 0.05 (HSV-2 plus CAP and HSV-2 plus alum versus HSV-2 and CAP).
